ABSTRACT: Pmi1525, an enzyme of unknown function from Proteus mirabilis HI4320 and the amidohydrolase superfamily, was cloned, purified to homogeneity, and functionally characterized. The three-dimensional structure of Pmi1525 was determined with zinc and cacodylate bound in the active site (PDB id: 3RHG). The structure was also determined with manganese and butyrate in the active site (PDB id: 4QSF). Pmi1525 folds as a distorted (β/α) 8 -barrel that is typical for members of the amidohydrolase superfamily and cog1735. The substrate profile for Pmi1525 was determined via a strategy that marshaled the utilization of bioinformatics, structural characterization, and focused library screening. The protein was found to efficiently catalyze the hydrolysis of organophosphonate and carboxylate esters. , respectively) and 4-nitrophenyl butyrate (k cat and k cat /K m values of 140 s −1 and 1.4 × 10 5 M −1 s −1 , respectively). Pmi1525 is stereoselective for the hydrolysis of chiral methylphosphonate esters. The enzyme hydrolyzes the (S P )-enantiomer of isobutyl 4-nitrophenyl methylphosphonate 14 times faster than the corresponding (R P )-enantiomer. The catalytic properties of this enzyme make it an attractive template for the evolution of novel enzymes for the detection, destruction, and detoxification of organophosphonate nerve agents.
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T he determination of the catalytic activity and substrate profile for uncharacterized enzymes is a significant experimental challenge as the availability of completely sequenced genomes has increased substantially in recent years. 1 The rate at which new genes of uncertain function are being sequenced has greatly exceeded our ability to functionally annotate the catalytic properties of the corresponding enzymes. Annotations based primarily on sequence identity can be quite misleading in many instances because closely related sequences often have different substrate profiles, while highly divergent proteins can have identical functions.
2−4 Recently, we have successfully annotated a broad spectrum of novel enzymes of previously unknown function using a comprehensive strategy of bioinformatics, computational docking, structural biology, and library screening. 5−14 Holm and Sander first identified the amidohydrolase superfamily (AHS) on the basis of similarities in the threedimensional structures of phosphotriesterase, adenosine deaminase, and urease. 15 This superfamily possesses a remarkable functional diversity with enzymes capable of hydrolyzing amide, or ester functional groups at carbon and phosphorus centers. 15, 16 The NCBI has partitioned the AHS into 24 Clusters of Orthologous Groups (COG) and enzymes from cog1735 catalyze the hydrolysis of organophosphate esters, lactones, and carboxylate esters. 17−31 Sequence similarity networks for cog1735 at a BLAST E-value cutoffs of 10 −80 and 10 −40 are presented in Figure 1 . 32 At an E-value cutoff of 10 −80 , cog1735 segregates into 18 subgroups that have been arbitrarily color-coded and numbered. The substrate profiles for subgroups 3−9 have been determined. 18−31 The phosphotriesterase homology protein (PHP) from Escherichia coli and subgroup 1 has been structurally characterized (PDB id: 1BF6), but its catalytic function remains undetermined. 24 Proteins from subgroup 3 catalyze the hydrolysis of N-acyl homoserine lactones. 21−23 Recently, we determined that Rsp3690 from Rhodobacter sphaeroides 2.4.1 and subgroup 4 (PDB id: 3K2G) is a nonspecific carboxylate esterase with the ability to hydrolyze methylphosphonate esters. 29 Lmo2620 from Listeria monocytogenes (PDB id: 3PNZ) and Bh0225 from Bacillus halodurans and subgroup 5 catalyze the hydrolysis of D-lyxono-1, 4-lactone-5-phosphate and Lribono-1,4-lactone-5-phosphate. 30 MS53_0025 (PDB id: 3OVG) from Mycoplasma synoviae and MAG_6390 from Mycoplasma agalactiae PG2 and subgroup 6 catalyze the hydrolysis of D-xylono-1,4-lactone-5-phosphate and L-arabino-1,4-lactone-5-phosphate. 31 Proteins from subgroup 7 are γ-and δ-lactonases. 26, 27 Proteins from subgroup 8 are phosphotriesterases (PTE), which catalyze the hydrolysis of organophosphate esters, including the insecticide paraoxon and the chemical warfare agents GB, GD, and VX. 18, 19 Proteins from subgroup 9 have weak phosphotriesterase activity but exhibit substantially faster rates toward the hydrolysis of lactones. 20 In this study, we have focused on the characterization of Pmi1525 from Proteus mirabilis HI4320, an enzyme from subgroup 2 of cog1735. The three-dimensional structure of Pmi1525 was determined, and the enzyme was shown to catalyze the hydrolysis of organophosphate and carboxylate esters. Pmi1525 is particularly active toward the hydrolysis of the (S P )-enantiomers of methylphosphonate esters that resemble the substructures contained within the G-and Vseries of organophosphonate nerve agents. Therefore, this enzyme, and other enzymes from subgroup 2 of cog1735 may serve as templates for the evolution of novel enzyme catalysts for the detection, destruction, and detoxification of organophosphate nerve agents.
■ MATERIALS AND METHODS
Materials. LB broth was purchased from Tpi Research Products International Corp. The HisTrap HP and gel filtration chromatographic columns were purchased from GE Healthcare. E. coli BL21(DE3) competent cells were obtained from Stratagene. The standards for inductively coupled plasma emission mass spectrometry (ICP-MS) determination of the metal content of the isolated proteins were purchased from Inorganic Ventures Inc. Organophosphate compounds 1−10 were supplied by Sigma/Aldrich, or synthesized by modifications of published procedures. 33 All other chemicals, buffers, and purification reagents used in this work were purchased from Sigma/Aldrich, unless otherwise specified.
Purification of Pmi1525 from Proteus mirabilis. The gene encoding the protein with the locus tag Pmi1525 from P. Mirabilis HI4320 (gi|197285384) was cloned. The plasmid encoding the gene for Pmi1525 was transformed into E. coli BL21 (DE3) competent cells (Invitrogen) and plated on LB agar. A single colony was used to inoculate a 5 mL culture of LB and allowed to grow overnight (13−15 h) at 37°C. A 5 mL overnight culture was subsequently used to inoculate 1 L of LB medium supplemented with 50 μg/mL kanamycin. The inoculated culture was grown with agitation (200 rpm) at 30°C
to an OD 600 of 0.1−0.2 before the addition of 100 μM 2,2′-bipyridyl to reduce the iron content of the protein. 34 The culture was allowed to grow to an OD 600 of 0.6 and then 1.0 mM ZnCl 2 (or MnCl 2 ) and 0.5 mM isopropyl thio-β-Dgalactopyranoside (IPTG) were added. After growing for an additional 16 h, the cells were harvested by centrifugation and stored at −70°C. Approximately 10 g of cells were obtained from 3 L of liquid culture. The frozen cell pellet was thawed, resuspended in binding buffer (20 mM HEPES, pH 7.9, 0.50 M NaCl, and 5.0 mM imidazole), and then disrupted by sonication. The cellular extract was clarified by centrifugation, filtered through a 0.2 μm syringe filter (VWR), and loaded onto a 5 mL HisTrap HP column (GE Healthcare), which was connected to an AKTA purifier (Amersham Pharmacia Biotech). The column was washed thoroughly with binding buffer, and the target protein was eluted with a gradient of elution buffer (20 mM HEPES, pH 7.9, 0.25 M NaCl, and 0.50 M imidazole). The crude protein thus obtained was further purified by size-exclusion chromatography using a GE Healthcare Hiload 16/60 Superdex 200 prep grade gel filtration column with 50 mM HEPES, pH 8.0. The isolated protein was >95% pure based upon SDS-PAGE analysis. The Y126F mutant of Pmi1525 was constructed using the QuikChange sitedirected mutagenesis kit from Agilent according to the manufacturer's instructions and purified to homogeneity using the same procedures as for the wild-type protein.
Metal Analysis. The protein concentration was determined spectrophotometrically at 280 nm using a 1 cm quartz cuvette using a SPECTRAmax-340 UV−vis spectrophotometer. The extinction coefficient at 280 nm for determination of the protein concentration of Pmi1525 was calculated to be 39 795 M −1 cm −1 (http://ca.expasy.org/tools/protparam.html). The metal content of the purified protein was determined using ICP-MS. Before ICP-MS measurements, the protein sample (top) and 10 −40 (bottom) created using Cytoscape (http://www. cytoscape.org). For these proteins an E-value of 10 −80 corresponds to a sequence identity of approximately 42%, whereas an E-value of 10
corresponds to a sequence identity of approximately 30%. All protein sequences available through NCBI that are designated as belonging to cog1735 were used to create the network. Each node in the network represents a single sequence, and each edge (depicted as lines) represents the pairwise connection between two sequences at the given BLAST E-value. 32 Lengths of edges are not significant except that sequences in tightly clustered groups are relatively more similar to each other than sequences with few connections. The triangular nodes represent proteins that have been functionally and/or structurally characterized. Additional information is available in the text.
was digested with concentrated nitric acid by refluxing for ∼30 min and then diluted with distilled H 2 O until the final concentration of nitric acid was 1% (v/v) and the protein concentration was ∼1.0 μM.
Kinetic Measurements and Data Analysis. The activity screening and kinetic measurements were performed using a SPECTRAmax-340 plate reader. The hydrolysis of carboxylate esters was monitored using a pH-sensitive colorimetric assay. Protons released from the hydrolysis reaction were measured using the pH indicator cresol purple. 29, 35 The reactions were performed in 2.5 mM BICINE, pH 8.3, containing 0.20 M NaCl, various concentrations of substrates, 0.1 mM cresol purple, and Pmi1525. The final concentration of DMSO in the reaction mixture was 2%. The change in absorbance at 577 nm was monitored in a 96-well UV−visible plate. The conversion factor for the rate determination (ΔOD/mol of H + ) was obtained from an acetic acid titration at 577 nm at pH 8.3, 30°C
(ε = 1.76 × 10 3 M −1 cm −1 , 2% DMSO). The purified protein was stored in 50 mM HEPES, pH 8.0, and the buffer was exchanged with 10 mM BICINE, pH 8.3, using a PD-10 desalting column immediately before the kinetic measurements. The carboxylate ester substrates were dissolved in DMSO and then diluted into the reaction mixture. A background rate was observed that was independent of the initial substrate concentration and subtracted from the initial rate of the enzyme-catalyzed reactions. 26, 29 For substrates with 4-nitrophenol as a hydrolysis product, activity screening and kinetic parameters measurements were monitored at 400 nm (ε = 1. . 36 The reactions were initiated by addition of enzyme.
Kinetic parameters were determined by fitting the initial rates to eq 1 using the nonlinear least-squares fitting program in SigmaPlot 9.0, where ν is the initial velocity of the reaction, E t is the enzyme concentration, k cat is the turnover number, [A] is the substrate concentration, and K m is the Michaelis constant.
Crystallization, X-ray Data Collection, and Structure Determination. Pmi1525 was crystallized by the sitting-drop vapor diffusion method. The concentrated (∼30 mg/mL) protein solutions (0. The X-ray diffraction data were collected at 100 K on the beamline X29A (National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY) using a wavelength of 1.075 Å. The diffraction data were processed and scaled with HKL2000 software. 37 The crystal structures were determined by molecular replacement using coordinates of PDB id: 3HTW as a starting model and PHASER software (the CCP4 program package suite 38 ). The initial models were built and refined by ARP/WARP 39 on the basis of the molecular replacement solutions. The models were further refined using REFMAC 40 and manually adjusted using COOT visualization and refinement software. 41 The structures were deposited to the Protein Data Bank (PDB id: 3RHG and 4QSF). All figures were produced using PYMOL. 42 The data collection and refinement statistics for the crystal structures are listed in Table 1 .
Molecular Docking. Computational docking of potential substrates and intermediates to Pmi1525 was performed using Autodock Vina. 43 The crystal structure of Pmi1525 (PDB id: 3RHG) was used in all docking calculations, and the metal ions were retained in the active site. A pdbqt file format of the protein was generated by adding polar hydrogens, and a grid box was centered at the active site of Pmi1525 with dimensions 26 × 26 × 26 Å with grid points spaced every 1 Å. Initial structures of the ligands were generated and charges were added using MGL tools 1.5.4 version software. High-energy hydrolysis intermediates of stereoisomers 9 and 10 were generated with the negative charge residing on one of the oxygen atoms attached to the penta-coordinated phosphorus atom. The zinc metals were assigned a net charge of +1.4 each, as described previously. 44 The docking calculations were conducted with an exhaustiveness of 15. The output structures with the lowest binding energies were considered and analyzed using Discovery Studio Client 3.5
■ RESULTS
Cloning, Expression and Purification of Pmi1525. The gene encoding Pmi1525 was cloned with a C-terminal His-tag. Cells were grown in the presence of added ZnCl 2 or MnCl 2 , and the protein was purified to homogeneity. The Zn-and Mncontaining proteins were >95% pure, based on SDS-PAGE analysis. ICP-MS analysis demonstrated that Pmi1525 expressed in the presence of added zinc contained 1.5 equiv of Zn and 0.4 equiv of Fe, whereas the protein expressed in the presence of added manganese contained 1.3 equiv of Mn, 0.3 equiv of Zn, and 0.4 equiv of Fe. The Y126F mutant was purified in the presence of 1.0 mM MnCl 2 , and the purified enzyme contained 1.2 equiv of Mn, 0.3 equiv of Zn, and 0.05 equiv of Fe.
Three-Dimensional Structure of Zn-Pmi1525. The three-dimensional structure of Zn-Pmi1525 was determined to a resolution of 1.53 Å (PDB id: 3RHG) with a single protein subunit in the asymmetric unit. The protein folds as a distorted (β/α) 8 -barrel that is typical for other structurally characterized enzymes from the amidohydrolase superfamily. 16 A ribbon representation of the zinc-bound form of the Pmi1525 monomer is presented in Figure 2 . The active site is located at the C-terminal end of the β-barrel and is partially open to bulk solvent. Two zinc ions are bound in the active site, and the coordination scheme is illustrated in Figure 3A . The more buried α-Zn is coordinated by His-23 and His-25 of β-strand 1, and Asp-294 of β-strand 8 at distances of 2.1, 2.0, and 2.4 Å, respectively. The β-Zn is coordinated by His-199 from β-stand 5, and His-229 from β-stand 6 at distances of 2.0, and 2.0 Å, respectively. Glu-166 from β-strand 4 acts as a bridging ligand and is coordinated to both α-Zn and β-Zn at distances of 2.1 and 1.9 Å, respectively. A bound cacodylate ion acts as the second ligand to bridge both Zn atoms at distances of 1.9 and 1.9 Å. The two Zn ions are 3.9 Å apart. A probable benzoate ion is found near the active site at a distance of 5.4 Å to β-Zn. A sulfate ion is found on the surface of the structure, and an unidentified ligand (UNL) was found at ∼6 Å from β-Zn.
Three-Dimensional Structure of Mn-Pmi1525. The crystal structure of Mn-containing Pmi1525 was determined with butyrate bound in the active site. The overall fold and the active site scaffold of the Mn-Pmi1525 structure are nearly identical to the structure with bound zinc ions. Superimposition of atomic coordinates between the two Pmi1525 structures yields an RMSD of 0.13 Å. The difference between the active sites in these two structures is related to the coordination geometry of manganese and zinc ions. Zinc typically maintains tetrahedral coordination with bond distances of around 2 Å, although in bimetal centers the coordination geometry may be affected by the protein architecture. In the Zn-Pmi1525 structure the β-Zn is 4-coordinate and the α-Zn is "loosely" five-coordinated because the distance between α-Zn and Asp-294 is only 2.4 Å. This organization indicates a relatively weak bond, while other distances between α-Zn and protein atoms are around 2 Å. By contrast, the distances between the bound manganese and the coordinated protein atoms in the MnPmi1525 structure are ∼2.15−2.2 Å, which is typical for distances to this metal. Both Mn ions in the active site are 5-coordinated ( Figure 3B) .
No water molecules are directly bound to either zinc or manganese as the potential binding sites for water/hydroxide are occupied by butyrate (PDB id: 4QSF) or cacodylate (PDB id: 3RHG). The complex of Mn-Pmi1525 and the product butyrate was obtained by soaking the protein crystals with the Metal Specificity of Pmi1525. The Zn-Pmi1525 was tested as a catalyst for the hydrolysis of compounds presented in Scheme 1, but the catalytic activity was barely detectable. However, significant activity could be detected with the MnPmi1525 when the assays were supplemented with the addition of 1.0 mM MnCl 2 . Higher concentrations of MnCl 2 did not alter the rate of hydrolysis. These results are consistent with the observation that the manganese occupancy in the structure (PDB id: 4QSF) was less than 1.0 (it was refined with an occupancy of 0.8). All subsequent assays used to determine the catalytic activity of Pmi1525 utilized Mn-Pmi1525 in the presence of 1.0 mM of added MnCl 2 . It is unclear why this enzyme is not active with zinc in the active site since closely related enzymes, such as the phosphotriesterase from Pseudomonas diminuta, are active with a variety of divalent cations. 16 Function Determination and Substrate Specificity of Pmi1525. Pmi1525 belongs to cog1735 from the amidohydrolase superfamily. Other members of this COG have been found to hydrolyze organophosphate triesters, lactones, and carboxylate esters. 18−31 Pmi1525 was screened with a small library of those compounds that have previously been identified as substrates for other enzymes in cog1735. These experiments demonstrated that Pmi1525 is unable to hydrolyze γ-and δ-lactones, which have been shown to be substrates from subgroups 3 and 7 of cog1735 (Figure 1) (Table 3) . With the phosphate esters, the mutant enzyme is nearly as active as the wild-type enzyme. However, with the carboxylate esters 12 and 13, the activity is reduced approximately 100-fold.
The isolated wild-type protein contained a mixture of Zn, Mn, and Fe when expressed in a medium that was supplemented with added Zn or Mn. At high concentrations the purified protein is pink in color with an adsorption maximum at 500 nm (data not shown). This property may be attributed to a charge transfer complex between Tyr-126 and iron bound to the β-metal position within the binuclear metal center. 26 The Y126F mutant is colorless at 500 nm. Stereoselectivity of Pmi1525. To address the stereoselectivity of Pmi1525 for the hydrolysis of chiral organophosphate substrates, racemic isobutyl 4-nitrophenyl methylphosphonate (6) was used as a substrate. The time courses for the hydrolysis of racemic 6 by wild-type phosphotriesterase (PTE) and Pmi1525 are presented in Figure 4 . The addition of wild-type PTE results in the rapid hydrolysis of ∼50% of the total substrate. The addition of Pmi1525 catalyzes the hydrolysis of the remaining material ( Figure 4A) . A similar time course was observed when the order of enzyme addition was reversed (data not shown). From the time course for the hydrolysis of racemic 6 by PTE alone ( Figure 4B ) and Pmi1525 alone ( Figure 4C ) it can be concluded that Pmi1525 and PTE preferentially hydrolyze the opposite enantiomers from one another. Since PTE hydrolyzes the (R P )-enantiomer of isobutyl 4-acetylphenyl methylphosphonate (9) 25 times faster than the (S P )-enantiomer (10), Pmi1525 prefers to hydrolyze the (S P )-enantiomer of this substrate. 33 For wild-type PTE, the (R P )-enantiomer of compound 6 is hydrolyzed 75 times faster than the (S p )-enantiomer based on a fit of the data in Figure 4B to the sum of two exponentials. 29 For Pmi1525, the (S P )-enantiomer of compound 6 is hydrolyzed 14 times faster than the (R P )-enantiomer. For the hydrolysis of the isolated enantiomers of isobutyl 4-acetylphenyl methylphosphonate (9 Computational Docking of Substrates to the Active Site of Pmi1525. The structural basis of the observed stereoselectivity of Pmi1525 was investigated using computational docking. The high-energy reaction intermediates for the hydrolysis of substrates 9 and 10 were generated with the leaving group (acetylphenyl group) and the attacking hydroxyl group in the axial position as shown in Scheme 2. 44 A productive docking pose is formed when the nucleophilic hydroxide ion is in the axial position of the proposed highenergy pentavalent intermediate and positioned between the two metal ions. The phosphorus oxy-anion in the equatorial position is expected to interact with the β-metal. Unfortunately, docking of the proposed high-energy intermediates 19 and 20 using Autodock Vina did not result in any productive conformations as described above. The phosphonate oxygen atoms in the top docking poses were at least 4 Å away from the zinc atoms with the dominant interaction being the hydrophobic contacts with other active site residues. Therefore, the penta-coordinated H-phosphonate ligands 21 and 22 were designed to reduce the nonspecific hydrophobic contacts within the active-site.
The top docking pose of ligand 22 (S P -enantiomer) resulted in a productive conformation. The ligand-bound active site structure is shown in Figure 5 . The axial hydroxide group coordinates with the two zinc metals at a distance of 2.3 Å from the α-metal and 2.5 Å from the β-metal. The phosphoryl oxyanion at the equatorial position of 22 interacts with the β-Zn metal at a distance of 2.8 Å and with Tyr-126 at a distance of 2.7 Å. The interaction of the isobutyl side chain with Leu-30 and Ile-101 is in accord with the positioning of butyrate in the active site of Mn-Pmi1525 (PDB id: 4QSF). The leaving group in the axial position makes hydrophobic contacts with Trp-203 from loop 5.
The high-energy intermediate 21 (R P enantiomer) did not dock in the active-site of Pmi1525 in a productive conformation. The equatorial phosphoryl oxyanion of 21 preferentially coordinates the two Zn metal atoms. While there is no interaction between the axial hydroxyl group and either of the Zn metal atoms, the isobutyl side chain and the acetyl phenyl leaving group have similar interactions as that of the S Penantiomer (22) . ■ DISCUSSION Substrate Profile for Pmi1525. Pmi1525 is a promiscuous enzyme that catalyzes the hydrolysis of a variety of substrates. With organophosphonate esters, Pmi1525 efficiently catalyzes the hydrolysis of racemic ethyl 4-nitrophenyl methylphosphonate (4) with a k cat /K m value of 1.2 × 10 5 M −1 s −1 . However, the catalytic activity decreases significantly when the ethyl group of this substrate is replaced by an isopropyl (5), isobutyl (6), or cyclohexyl (7) . The value of k cat /K m decreases as the carboxylate moiety of the substrate is either shortened (11) or lengthened (13 and 14) . Pmi1525 also catalyzes the hydrolysis of naphthyl, indole, and 4-methyllumbelliferyl esters. Those substrates with a longer carboxylate moiety are hydrolyzed more efficiently (17 and 18) .
Pmi1525 preferentially hydrolyzes the (S P )-enantiomer of compounds such as isobutyl 4-nitrophenyl methylphosphonate (6) and isobutyl 4-acetylphenyl methylphosphonate (10) . This stereoselectivity is opposite to that observed for wild-type PTE. 33 The organophosphate and organophosphonate esters are toxic because of their ability to rapidly inactivate the enzyme acetyl cholinesterase. Since the corresponding (S P )-enantiomers of sarin (GB), soman (GD), and VX are considerably more toxic than the (R P )-enantiomers, the Figure 6 . Amino acid sequence alignment of Pmi1525 and four other proteins from cog1735, including the nonspecific carboxylesterase Rsp3690 from subgroup 4, phosphotriesterase homology protein (PHP, b3379) from subgroup 1, γ,δ-lactonase Dr0930 from subgroup 7, and phosphotriesterase PTE from subgroup 9. The four histidine and the aspartate residues coordinated to the two metal ions are highlighted in red. The residue bridging the two metal ions is colored in pink. The residues forming the hydrophobic pocket in the active site in Pmi1525 and Rsp3690 are colored yellow, and the corresponding residues in the other four proteins are colored green.
enzymes from subgroup 2 of cog1735 are promising candidates for the directed evolution of enzymes that can be enhanced in their ability to detect, destroy, and detoxify the most toxic enantiomers of chemical warfare agents and agricultural pesticides.
Three-Dimensional Structure of Pmi1525. The structural fold of Pmi1525 is that of a distorted (β/α) 8 -barrel, similar to those structures previously determined from cog1735 and the amidohydrolase superfamily. The active site is located at the C-terminal end of the β-barrel and is highlighted by the binding of two divalent cations. The enzyme is most active with manganese. The two metal ions are coordinated to the protein via direct interactions with the side chains of two histidine residues from the end of β-strand 1, two additional histidine residues from the ends β-strands 5 and 6, and an aspartate from the end of β-strand 8. The two metal ions are bridged by the side chain carboxylate of a glutamate that originates from the end of β-strand 4. This metal coordination arrangement of a binuclear metal center is quite common in the active site of enzymes from cog1735 and the rest of the amidohydrolase superfamily. 16 However, in many enzymes, such as phosphotriesterase, the bridging carboxylate from glutamate is replaced with a carboxylated lysine residue. 45 We have determined the structures of two complexes of Pmi1525. The first structure has cacodylate in the active site and the second contained butyrate, formed from the enzymatic hydrolysis of the substrate pnitrophenyl butyrate (12). The cacodylate bridges the two metal ions in a manner that represents a mimic of the tetrahedral intermediate formed from the hydrolysis of carboxylate esters.
Amino Acid Sequence Comparisons within cog1735. At an E-value cutoff of 10 −80 , Pmi1525 is localized to subgroup 2 of the sequence similarity network presented in Figure 1 . A sequence alignment of Pmi1525 with four representative proteins from cog1735 is shown in Figure 6 . Rsp3690, PHP (b3379), Dr0930, and PTE are examples from subgroups 4, 1, 7, and 8, respectively, of cog1735. The aspartate and four histidine residues that coordinate the two metal ions are highlighted in red; the residue bridging the two metal ions is colored in pink. The residues that form the hydrophobic pocket in the active site of Pmi1525 and Rsp3690 are colored in yellow, and the corresponding residues in the other three proteins are highlighted in green. The positions of the eight loops that follow the eight β-strands are highlighted in gray.
When the E-value cutoff of the sequence similarity network is changed from 10 −80 to 10
, subgroup 2 merges with subgroup 4, and this observation is consistent with the observed substrate specificity for enzymes from these two subgroups (Figure 1) . Recently, we determined that Rsp3690 is a nonspecific carboxylate esterase with a promiscuous ability to hydrolyze methylphosphonate esters. 29 Pmi1525 has a similar substrate profile to that of Rsp3690, but the substrate specificities of these two proteins are not the same. Both of these proteins have an extended loop 1and shortened loops 7 and 8, relative to PTE. The importance of loops 7 and 8 to the substrate specificity of PTE has been well-documented. 26, 29, 46 Wild-type Dr0930 has very weak phosphotriesterase activity, but this activity has been significantly improved by directed evolution of active site residues. 47 Structural Comparison of Pmi1525, Rsp3630 and PTE. A three-dimensional structural comparison of Pmi1525, Rsp3630, and PTE is presented in Figure 7 . The central β-barrel, the surrounding α-helices, and the two metal atoms of these three proteins superimpose well, but conformational differences in the loops that follow the eight β-strands are obvious. There are minor differences in the length and conformations of loops 2 to 6, but there are larger differences between loops 1, 7, and 8. Pmi1525 and Rsp3690 have a longer loop 1 but loops 7 and 8 are shorter, relative to PTE. Overall, Pmi1525 and Rsp3690 have hydrophobic active site pockets, but Pmi1525 has fewer hydrophobic residues compared to Rsp3630.
Active Site Comparison of Pmi1525 and Rsp3690. Overall, Pmi1525 and Rsp3690 both have relatively hydrophobic active sites; however, the Pmi1525 active site is less hydrophobic than that of Rsp3630. A superposition of the active site binding pockets for Pmi1525 and Rsp3690 is presented in Figure 8 . The residues that coordinate the two divalent cations are identical. The major differences include the replacement of a cysteine in Rsp3690 for Leu-30 in loop 1 in Pmi1525, substitution of a serine for Phe-130, and a valine for Leu-297. The hydrophobic residues that enclose butyrate in the active site of Pmi1525 and DTT in Rsp3690 are mostly conserved and occupy similar positions. The structural comparison supports the experimental finding that the substrate specificities of these two enzymes are similar but not identical.
Structural Superimposition of Pmi1525 and PTE. A structural comparison of the active sites for Pmi1525 and phosphotriesterase (PTE) from Pseudomonas diminuta is presented in Figure 9 . The residues that are coordinated to the two divalent cations metals are omitted for clarity. The complex of PTE and the substrate analogue diethyl 4-methylbenzylphosphate highlight substrate binding site composed of side chains from 12 residues which can be subdivided into three pockets that accommodate the small-, large-, and leaving-group moieties of the substrate. 48−50 From Figure 9 it is apparent that those residues that facilitate the binding of the substrates in the active site of PTE structure are not conserved in the active site of Pmi1525. However, one can still discern three subpockets in the active site of Pmi1525. The primary difference occurs in the so-called large pocket, which is smaller in Pmi1525, relative to that found in PTE. The superimposition of these two proteins illustrates the clash of Phe-296 from Pmi1525 with the benzyl ring of the substrate analog in the PTE structure. In addition, Met-300 of Pmi1525 is very close to Figure 7 . Superposition of coordinates for structures Pmi1525 (PDB id: 3RHG), Rsp3690 (PDB id: 3k2g), and PTE (PDB id: 1dpm). The eight β/α loops from Pmi1525, Rsp23690, and PTE are depicted in magenta, green, and orange, respectively. The central β-barrel, the surrounding α-helices, and the two metal atoms are depicted in gray. The RMSD between gray colored parts of Pmi1525/Rsp3690, Pmi1525/PTE, and Rsp3690/PTE are 0.9, 1.0, and 1.1 Å, respectively. the methyl group of the benzyl ring of the inhibitor in PTE. This may partially explain why Pmi1525 has low catalytic activity with substrates such as isopropyl 4-nitrophenyl methylphosphonate (5), isobutyl 4-nitrophenyl methylphosphonate (6), and cyclohexyl 4-nitrophenyl methylphosphonate (7) relative to ethyl 4-nitrophenyl methylphosphonate (4) . The binding subpocket of Pmi1525 that corresponds to the small pocket of PTE is bigger. Space filling renditions of the three substrate binding subpockets in these two proteins are shown in Figure 10 . It is apparent that the large pocket in PTE superimposes with the small pocket in Pmi1525, and the small pocket in PTE corresponds to the large subpocket in Pmi1525.
This difference in active site geometry helps explain the difference in the substrate stereoselectivity for PTE and Pmi1525.
Annotation Strategy. Proteins of unknown function from different subgroups in cog1735 were functionally identified using bioinformatics, three-dimensional structure determination, computational docking, and physical compound library screening. 26,29−31 From our previous study of nonspecific carboxylate esterase Rsp3690 from subgroup 2 of cog1735(29), protein Pmi1525 from subgroup 4 was predicted to catalyze the hydrolysis of hydrophobic carboxylate esters similar to the substrates of Rsp3690. The present study confirms this prediction, as Pmi1525 efficiently catalyzes the hydrolysis of hydrophobic carboxylate esters and the hydrolysis of methylphosphonate esters. . Superimposition of the residues of the three binding pockets in the active site of PTE (PDB id: 1dpm) and the corresponding residues in Mn-containing structure Pmi1525. For PTE, the large pocket residues are colored in purple, the small pocket residues are colored in blue, and leaving group pocket residues are colored in green. The corresponding residues of Pmi1525 are colored in light gray. The labels of the residues of PTE are colored the same as the residues themselves. The residue labels of Pmi1525 are colored in black. Figure 10 . Substrate binding pocket comparison of wild-type PTE with the bound substrate analogue, diethyl 4-methylbenzylphosphonate (top) and Pmi1525 with the bound product butyrate (bottom). The color schemes are the same as shown in Figure 9 (purple, blue, and green represents the large, small, and leaving group residues, respectively).
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